Many evolutionary processes result in sufficiently low mean fitness that 25 they pose a risk of species extinction. Sex-ratio meiotic drive was recognized by 26 W.D. Hamilton (1967) to pose such a risk, because as the driving sex 27 chromosome becomes common, the opposite sex becomes rare. We expand on 28
elements that skew population sex-ratios, including B chromosomes, 54 endosymbionts and segregation distorters, may drive a population to extinction 55 because one sex is so rare that the population cannot replace itself (Carvalho 56 and Vaz 1999; Burt and Trivers 2006) . Hamilton (1967) showed that, barring 57 suppressors, a driving Y chromosome could cause a population of 2000 to go 58 extinct in just 15 generations. The prognosis is only slightly improved for a 59 driving X chromosome -extinction takes about 45 generations. In contrast, an 60 environmental change that causes absolute fitness to decline to 0.9 will take a 61 population of 2000 more than 70 generations to go extinct (barring a mutation 62 that saves the population), 35 generations if fitness is 0.8 (based on calculations 63 5 87 Methods 88
The Model 89
We examine a population of size N that is seeded with one driving sex 90 chromosome at time t=0. In all cases males are the heterogametic (XY) sex and 91 the driving chromosome originates in the male. While this is somewhat artificial 92 for X drive, it saves considerable time in simulation since most single driving X 93 chromosomes will be lost due to drift if they find themselves in females (which 94 they would approximately two-thirds of the time if randomly assigned). Females 95 mate M times at random with the available males. They then produce R 0 96 offspring in total. Since this may produce more than the carrying capacity 97 (starting population size) of offspring in the population, density-dependent factors 98 reduce the population to that starting value every generation (unless the total 99 population is below the starting value). This is a departure from Hamilton's 100 model, which allowed for population sizes to grow without limit, but is more 101 realistic since stable populations are probably not limited solely by female 102 productivity, but at least in part by density-dependent factors. Furthermore, with 103 female lifetime fecundity greater than two, populations grow to unrealistic sizes 104 very quickly without regulation. All parameters are defined in Table 1 . 105 SR males (those who possess a driving chromosome) produce d sperm 106
with the sex-ratio chromosome and 1-d sperm with the opposite sex 107 chromosome. For example, a male with a driving Y with d=1.0 produces all sons, 108 but if d=0.55 he produces 55% sons. The fitness of all wildtype chromosomes is 109 6 1.0, but both driving and suppressing chromosomes may have fitness costs (see 110 Table 1 ). In females, driving or suppressing X chromosomes may occur in the 111 heterozygous or homozygous state, so a dominance value (h) is assigned. 112
Suppressors are limited to the opposite sex chromosome because a 113 suppressor arising on the driven chromosome would simply be directly 114 outcompeted by the unsuppressed chromosome (autosomal suppressors will be 115 considered separately). Suppressors either arise by new mutation or are present 116 as standing genetic variation. We treat these two possibilities separately -never 117 allowing both new mutation and standing genetic variation in any particular 118 realization. Suppressing chromosomes arise by new mutation from sensitive 119 chromosomes at rate μ. Those present in standing genetic variation may be 120 deleterious, neutral or nearly neutral in the absence of drive. However, instead 121 of modeling these three cases separately, we choose an absolute number of 122 suppressing chromosomes, and later discuss under what circumstances we 123 might expect those starting numbers. For example, suppressors that are neutral 124 in the absence of drive and have equal mutation rates to and from the 125 suppressing chromosome should occur at very high (50%) frequency, while 126 suppressors that are deleterious in the absence of drive would be found at 127 mutation/selection balance and are therefore much more rare. 128
In each case there are four possible outcomes. First, the driver may be 129 lost due to drift. Even with optimal parameters for drive this actually happens 130 quite frequently, since the driving chromosome occurs in only one individual in 131 generation 0. The second possible outcome is that the driving chromosome 132 7 spreads and drives the population extinct as in Hamilton's example. The third 133 possibility is that a suppressor rises to high frequency and rescues the population 134 from extinction. Finally, the parameters may be such that an intermediate 135 equilibrium is reached and the population persists indefinitely even without the 136 existence of a suppressor. This last outcome is not the focus of the current work 137 and has been covered with deterministic models elsewhere (Carvalho and Vaz 138 1999) . 139 140
Simulations 141
We employed forward simulations that exhaustively enumerate all 142 genotypes in the population each generation to explore the parameter space. In 143 both the X-and Y-drive cases, the population begins with N/2 females with 144 wildtype sex chromosomes, N/2 -1 males with wildtype sex chromosomes and 145 one SR male. For simulations where suppressors occur in standing genetic 146 variation, the suppressing sex chromosomes are randomly placed in males and 147 females (Y drive) or all in males (X drive). 148
Deterministic simulations were employed to address several problems 149 such as the dynamics in Hamilton's scenario and time to extinction without 150 suppressors, while stochasticity was introduced for problems involving the 151 probability of invasion (Supporting Text 1). 152
Stochastic simulations were conducted by grid searching input parameters 153 and for each, iterating many replicates of the population to equilibrium. 154
Simulations show that when the driver is lost, the population goes extinct, the 155 suppressor invades to a threshold (20% of the population unless otherwise 156 noted) or a threshold number of generations has been reached (10000 unless 157 otherwise noted). For each realization, the fate of the population is recorded as 158 is the time to extinction (given the population went extinct), time to loss of the 159 driver (given the driver was lost) and the time at which the suppressor arose 160
(new mutation only). For more details on simulations, see Supplemental Text 1. 161
We treat the Y drive scenario first throughout because it is simpler, 162 provides for some analytical solutions and can train the intuition for the X drive 163 case. Though we realize that X drive is more commonly observed in natural 164 populations, one of our objectives is to explore potential reasons for that pattern 165 and this style of presentation facilitates such an approach. 166 167
Results

168
In an attempt to simplify the Results section, we have placed much of the 169 mathematical detail in Supplemental Text 2, presented results graphically when 170 possible and set important points as numbered conclusions in italics. 171 172
Analytical solutions using the Hamilton Model 173
Hamilton (Hamilton 1967 ) admittedly examined only the simplest of cases 174 of his sex-ratio meiotic drive. In his model for Y drive, the starting population 175 contains 1000 males (one with a driving Y) and 1000 females. He considered a 176 driving Y with no fitness cost to males and perfect drive (d=1). Females mate 177 once and produce two offspring. Under these simple conditions, the driving Y 9 exterminated the population in 15 generations. Hamilton's model for X drive was 179 similar except that he assumed that each male could mate twice. This resulted in 180 an initial population expansion since all females would be mated even if the sex 181 ratio was biased toward females (until there were twice as many females as 182 males). The driving X therefore takes about 45 generations to exterminate the 183 population. Hamilton presented the above results graphically and verbally, but 184 did not provide any analytical solutions. We begin by expanding on Hamilton's 185 model below. 186
Expansion of Hamilton's model for Y drive 187
For the driving Y model, the actual number of individuals of each genotype 188 is denoted by XX, XY and XY SR . As shown in Supplemental Text 2, the 189 population size in the next generation is XX N 2 = ′ , and iterating over several 190 generations we find the expected population size at time t is 191
The total population size and number of each genotype are shown in figure (1A) . 
This illustrates why the time to extinction is not very sensitive to N 0 : a sex ratio 205 that is highly skewed toward males is the cause of extinction because there are 206 no more females to produce offspring ( Figure 1B) . A few extra generations 207 easily make up for an increase of an order of magnitude in population size. 208
Conclusion 1: population decline due to a driving sex chromosome is 209
approximately logistic, meaning the expected time to extinction increases 210 approximately linearly with the log of population size. As will be shown below, 211 conclusion 1 applies for X drive as well. 212
Our goal is to determine the probability that a population can save itself 213 before going extinct, so we would like to know the total expected number of 214 suppressor mutations that will arise in the population of X chromosomes before 215 the population goes extinct. The number of X chromosomes at generation t is 216
, where XX(t) denotes the number of females at time t, 217 XY SR (t) denotes the number of sex-ratio males at time t, and the factor of three 218 accounts for the two X chromosomes found in females and the one found in XY 219 males (found at the same frequency as females in this special case). Following 220 logic similar to that for equation (1), the number of X chromosomes at generation 221 t ( Figure 1B) is 222
With mutation rate μ, the expected number of suppressing mutants is X(t)μ and 226 the total number of mutants expected is 227
Without an analytical solution for the time at which extinction occurs, we 232 sum to infinity because once the population size is near zero, the number of new 233 mutations is negligible. This means only about 31,600 X chromosomes exist 234 before extinction if the starting population is 2000, whereas almost 30 million 235 exist before extinction with a starting population of one million. Nevertheless, 236 even with a large starting population size, the mutation rate to a suppressor must 237 be quite high to provide any chance of saving a relatively small population. 238
The selective advantage of a suppressor depends on the background on 239 which it finds itself, which is dependent on the frequency of the driver in the 240 population. Even without fitness costs, the suppressor only provides a fitness 241 benefit when found in males carrying the driver (not in females and in non-driving 242 males where it is neutral). The absolute fitness of a suppressing X chromosome 243 (one that completely restores Fisherian sex ratios and has no fitness effects) in a 244
so the total absolute fitness of a suppressing X at 245
Assuming 0 R =2 (as in Hamilton's model) and d s =0.5 (complete suppression of 250
problem for the Hamilton scenario, because it means that even if a suppressor 252 arises and takes hold, the population cannot deterministically increase in size 253 from the size when it arose. Therefore, even populations with suppressors of Y 254 drive are at risk of extinction due to stochastic variation around this new 255 equilibrium population size. Though Hamilton's model is obviously not realistic, 256
the preceding suggests that populations with relatively low lifetime fecundity may 257 be at higher risk of extinction than those with higher fecundity. 258
Conclusion 2: the fate of a population with a driving sex chromosome is 259 dependent on the relationship between the strength of drive and female 260 fecundity. Species with low lifetime fecundity will be driven extinct by even weak 261
drive (barring suppression). 262
Suppressors may arise on three different genetic backgrounds: XX 263 females, XY males and XY SR males. In the background of females and standard 264 males, the suppressor provides no benefit and must survive drift (at least two 265 generations when a suppressor arises in XY males) before it has any selective 266 advantage. In contrast, a suppressing X in SR males has a selective advantage 267 right away assuming that male has the opportunity to mate. These differences 268 provide us with some insight into why Y drive populations are so likely go extinct. 269
Suppressors that arise early, when drivers are rare, are likely to find themselves 270 13 in a non-driving background and therefore will be lost due to drift before they can 271 spread. When X chromosomes are most common, and therefore the mutational 272 target size is largest, there is little advantage to carrying a suppressor. 273
Conversely, when the selective advantage of a suppressor becomes large 274 relative to wild type (and it becomes very large), there are many fewer X 275 chromosome mutational targets left. Furthermore, when the XY SR genotype is 276 prominent, since the sex ratio is so skewed toward males, a male that has both 277 the suppressor and the driving Y (X sup Y SR ) is unlikely to find a mate! 278
Conclusion 3: a) When the driver is rare, a rare suppressor is unlikely to find itself 279 paired with a driver and will likely be lost due to drift; b) when the driver is 280 common, the number of mutational targets (opposite sex chromosome) is small, 281 so new mutations are unlikely; c) for Y drive, when the driver is common most 282 males will go unmated since there is a scarcity of females so even X sup Y SR males 283 may not produce any daughters. As discussed below, conclusions 3a and 3b 284 apply to X drive, but for X drive, 3c is the opposite, when the driver is common, 285 there is a scarcity of males, so the suppressor rapidly invades because any 286 X SR Y sup male is likely to mate (multiply) and produce sons. 287
Expansion of Hamilton's Model for X drive 288
The case of a driving X chromosome is initially more difficult because 289 there are now five possible genotypes (even before a suppressor arises). 290
Recursions for the case of a driving X under Hamilton's scenario are given in 291
Supplemental Text 2 (Equation SB.5), however, no further analytical solutions 292 will be presented. Numerical solutions are, however, both straightforward and 293 useful ( Figure 1C and 1D). 294
Again, the time to extinction is approximately linearly related to the log of 295 the starting population size (Conclusion 1 above): with times to extinction of 46, 296 57 and 67 generations for populations of 10 4 , 10 5 and 10 6 respectively. As seen 297
in Figure 1D , the sex-ratio and number of mutation targets (Y chromosomes in 298 this case) behave similarly to the Y drive model, except that the process takes 299 longer and the sex-ratio goes in the opposite direction. For comparison, about 300 25,000 Y chromosomes exist before extinction with a population of 2000, but 25 301 million exist with a starting population of 1,000,000. Even with the longer time to 302 extinction with X drive, the number of Y chromosomes that exist while a driving X 303 leads to extinction is less than the number of X chromosomes during the 304 advance of a driving Y, because the when sex ratios are equal, there are three 305 times as many X chromosomes as Y. 306 307
Analytical progress beyond Hamilton's Model 308
Relaxing the assumptions of Hamilton's model significantly muddies the 309 waters since there are so many potential parameters involved ( Burt and Trivers 2006) . These inversions also link enhancers of 316 drive and therefore are selectively favored. As a new drive locus begins to 317 spread, however, it is unlikely that such an inversion will have time to arise. We 318 acknowledge that the drive locus may also have direct fitness costs, but ignore 319 this possibility for now. We also assume that suppressors of drive are perfect so 320 that d s is always 0.5 and males carrying the driver and suppressor have 50% 321 daughters. We have already dealt with population size (N 0 ) and mutation rate 322 (μ), leaving three parameters (M, 0 R and d) to explore. 323
Y drive -When is extinction deterministic? 325
The first concern is under what circumstances extinction is certain (barring 326 a mutation that suppresses drive and given that the driver actually invades). 327
Much theoretical work has shown that stable equilibria exist for many parameter 328 drivers reach a stable equilibrium, and indeed there is a strong ascertainment 332 bias to only sample populations not on their way to immediate extinction. There 333 are two ways in which a population may go extinct due to a driving sex 334 chromosome. First, the sex that is driven against may be removed from the 335 population -the equilibrium number of individuals of that sex is zero or less than 336 one. Second, the sex that is driven against may reach an equilibrium frequency, 337
but the absolute number may be small enough that the sex is likely to be lost due 338 to drift. For example, if the equilibrium number of females in a population is 10, 339 there is a good chance that in one generation zero females will be produced and 340 the population is therefore doomed. 341
For the driving Y, the situation is quite simple. A population will be driven 342 to extinction by the driving Y if the average number of females produced is less 343 than one. Since mothers produce R 0 offspring and R 0 (1-d) of them will be 344 female, for populations to survive 345
Most cases of sex-ratio drive that have been studied show drive that is strong 349 (between 0.9 and 1.0), although there is surely an ascertainment bias as weak 350 drivers are less likely to be noticed. The average number of offspring produced 351 per mother is extremely variable. With strong drive (d>0.9), 0 R would need to be 352 greater than ten for populations to have any chance of survival. 353
Y drive -when is extinction risk stochastic? 355
Of course, if R 0 (1-d) is greater than one, but still small, the population may go 356 extinct due to drift. The equilibrium number of females is N 0 (1-d Interestingly, since there is no fitness cost to females of a driving Y 380 (since the Y never occurs in females) and since the Y experiences haploid 381 transmission, there is no stable equilibrium for Y drive, assuming no effect of 382 sperm competition. 383
Conclusion 4: Unlike populations with X drive, those with Y drive do not reach a 384 polymorphic equilibrium for the driving Y. The Y either fixes or is lost. This may 385 provide another reason that Y drive is rarely reported in natural populations. 386
Note that Clark (1987) found limited parameter space allowing for the 387 maintenance of a driving Y chromosome, but this was in the presence of a 388 driving X chromosome which we do not allow in the current scenario. 389
For reasons described above in addition to this density dependent control, 390 further analytical solutions were not attempted. Figure 2A With a driving X chromosome, the population will go extinct if females do 398 not produce on average at least one son. Assuming no fitness costs of the driver 399 (in either sex), the same inequality applies as for Y drive (Equation 6). With 400 fitness costs of the driver in females, an equilibrium frequency of the driver may 401 exist and prevent extinction. The same applies for stochastic extinction. If N 0 (1-402 d) is small enough, populations may contain so few males that they go extinct 403 due to a chance loss of males. This suggests another reason that populations 404 with Y drive are more likely to be doomed: anisogamy. 405
Conclusion 5: Assuming male remating rate is higher than female remating rate, 406 males are more easily able to compensate for a population level sperm shortage 407 due to a scarcity of males than females are able to compensate for a population 408 level egg shortage due to a scarcity of females. 409 410 X drive: How long to extinction? 411 Figure 2B shows the time to extinction (from simulation over a wide range 412 of parameter values). Though the conditions for extinction are the same for X 413 and Y drive, extinction takes much longer for X drive. This is true for two 414 reasons: 1) there are three times as many X chromosomes as Y, so a sweep 415 takes longer and 2) as Hamilton (1967 ) populations with a driving Y chromosome are doomed unless the mutation rate is 423 very high (e.g. a mutation rate of 10 -3 yields a probability of 0.06) or standing 424 genetic variation contains several copies of the suppressing X chromosome 425 ( Figure 3A) . The prognosis for populations with X drive is much better (Figure  426 3B). For new mutation, the probability of survival is 0.07 for a mutation rate of 427 10 -5 , so similar probability of population survival occur at a mutation rate two 428 20 orders of magnitude lower than for Y drive. Note, however, that 10 -5 is probably 429 quite high for a mutation rate. Populations with a driving X can be saved by 430 standing genetic variation with a relatively small number of mutants. Ten starting 431 mutants are required for a 0.07 chance of survival in Y drive, but only 1 starting 432 mutant is required for the same probability with X drive. While the mutation rates 433 discussed above may seem exceedingly high, it is important to note that 434 suppression of drive may involve the loss of repetitive satellite DNA which may 435 occur at rates much higher than the nucleotide mutation rate. Hamilton's 436 parameters are obviously biologically unrealistic, but they support two important 437 ideas. First, as described above, populations are at a much greater risk of 438 extinction caused by a driving Y than a driving X. Second, with plausible 439 parameter values, standing genetic variation is much more likely to save the 440 population than new mutation (see also Orr and Unckless 2008 should increase the probability that populations survive. The difficulty in 448 exploring parameter space is that with nine possible parameters, even with only 449 two values for each parameter, there are 512 parameter sets. We therefore 450 focus on those that might be most relevant during the initial spread of a driver -451 N 0 , P and d. Then we consider each of the fitness effects individually, discussing 452 interesting interactions between parameters as appropriate. 453
Results of simulations for both X and Y drive and from new mutation and 454
standing genetic variation are shown in Figure 4 . The mutation rate to 455 suppressors for Y drive is 10 -4 , and for X driver it is 10 -6 to achieve an 456 This has a profound effect on a driver's ability to invade. Figure 4B confirms that 469 the ability of a driver to invade has little to do with whether or not suppressors 470 come from standing variation or new mutation (as long as the frequency of 471 suppressors is low). As discussed above, without the existence of a driving X, Y 472 drive does not lead to stable equilibrium. Either the driver fixes or it is lost. The 473 sex-ratio can reach a stable equilibrium assuming fixation of the driver if the 474 22 strength of drive is less than one. For Y drive with suppression from new 475 mutation, since new mutation can occur at any time, all populations either were 476 saved by a suppressor or went extinct ( Figure 4A ). As expected, the probability 477 that a suppressor saves the population decreases with the strength of drive, 478 increases with R 0 and increases with population size. Note, that while figure 4A  479 suggest that large populations with large reproductive capacities (most insects) 480 are at low risk of extinction even with strong drive, the mutation rate to 481 suppressors (10 -4 ) is very high in this case. Simulations show that with an initial 482 population size of one million, R 0 =20, μ =10 -7 , and d=1, given the driver invaded, 483
the population survived only about 18 percent of the time. 484
The situation is similar for Y drive and suppressors from standing variation 485 ( Figure 4B) , except now if the suppressor is lost due to drift, the population can 486 become stable without the invasion of the suppressor as long as R 0 >2. Figure  487 4B also shows under what circumstances drift might drive a population extinct. 488 This is so whenever under any particular parameter set, both extinction and 489 stability were found. For example, with N 0 =2000, R 0 =5 and d=0.8, the 490 equilibrium number of females in the population is 400, but extinction occurs 491 about three percent of the time. Figure 4B also shows that with a single 492 suppressor in the population at time t=0, the population size has little influence 493 on whether or not a suppressor saves the population. Population size does, 494 however, influence whether the population will remain stable or go extinct. 495
Again, the prognosis for populations with X drive is much better. In fact, 496
we have used a base mutation rate of 10 -6 instead of 10 -5 as in Y drive. This 497 makes comparison of X and Y more difficult, but using 10 -4 would nearly always 498 result in populations with X drive being saved by new mutation. Figure 4C shows 499 the results of simulations for X drive with the same parameters as for Y drive 500 (except mutation rate). Note that under Hamilton's parameters, the population is 501 almost certainly doomed, but with greater R 0 or weaker drive, the population is 502 likely to reach a stable equilibrium or be saved by a suppressor. With 10,000 as 503 a starting population size, the population almost never goes extinct with 10 -6 as a 504 mutation rate. Interestingly, the probability that a suppressor invades spikes as d 505 approaches a value where extinction is deterministic. This is because selection 506 for a suppressor is greater the stronger the drive. If drive is too strong, however, 507 extinction is a possibility and the probability that a suppressor invades is lower 508 because the population goes extinct before the suppressor can invade. The 509 situation from standing variation is qualitatively similar, but since a suppressor 510 lost by chance cannot be regained, suppressors are less likely to gain ground 511 with weaker drive. Conclusion 6: Suppressors are most likely to become 512 established when the strength of drive is great enough that there is strong 513 selection for suppression, but weak enough that the population does not go 514 extinct too quickly. 515 516
Fitness consequences of drivers and suppressors 517
Empirical work on sex-ratio and autosomal drive show that the driver and 518 suppressor often have significant fitness consequences to their hosts (Jaenike 519 2001). In these cases it is not known whether this is due to direct costs of the 520 24 driver or suppressor or linked deleterious mutations that accumulate as the 521 driver/suppressor sweeps. When considering extinction, linked deleterious 522 mutations are less likely to be an issue because given how fast strong drivers 523 sweep through a population, there is unlikely enough time for several deleterious 524 mutations to accumulate. If the driver locus itself carries some fitness cost in 525 either sex, this would presumably slow down its spread and reduce the risk of 526 extinction. Conversely, costs of a suppressor should reduce its chances of 527 invading, and therefore increase the chance of extinction. Again, a population 528 with a driving Y is at a disadvantage because a suppressing X is only in males 529 one-third of the time -more as the sex ratio becomes more skewed. So, any 530 cost in females will reduce its chances of spreading. A Y chromosome that 531 suppresses X drive is always in males and therefore carries no fitness cost to 532 females. Of course, autosomal suppressors are equally likely in both sexes 533 when sex-ratios are balanced. So they may do better combating Y drive since 534 the sex ratio skews toward males, the sex in which they can actually suppress 535 the drive. 536
Tables S1 and S2 show the results when fitness parameters are allowed 537 to vary. We kept fitness costs relatively low (0.1) because this might be realistic 538 biologically if costs are direct and not due to linked deleterious mutations. We 539 also include a dominance coefficient (h) whenever the driver or suppressor finds 540 itself in the diploid state. 541
Fitness costs of the driver generally have small but real effects on the 542 probability that a population escapes extinction. With restrictive parameter sets 543 similar to those employed by Hamilton, moderate fitness costs have little 544 influence on extinction risk because extinction is so quick regardless of 545 associated driver costs and in the few cases where a suppressor escapes 546 stochastic loss, selection for suppression well outweighs the associated 547 suppressor costs. With a higher reproductive output, fitness costs have a 548 moderate impact on population survival with no cost of the driver. If drive is 549 weaker (d=0.9), populations are less likely to go extinct) however a striking 550 patterns still exists. Those populations threatened by extinction are unlikely to be 551 saved regardless of fitness costs, at least with the parameters used. 552
553
Given population survival, how was it saved? 554
In those populations that were saved by suppressors from new mutation, 555 those mutations arose early on. The mean time until a successful suppressor of 556 Y drive arose was usually between 20 and 30 percent of the mean time to 557 extinction, and given appreciable extinction risk, this was within the first ten 558 generations after driver introduction. For example, with Hamilton's parameters 559 and a mutation rate of 10 -4 , the mean time until a successful suppressor arose 560 was about 3.6 generations, while the mean time to extinction was about 15 561 generations. The time until a successful suppressor arose decreased 562 asymptotically with increasing strength of drive ( Figure 5A) . The same patterns 563 were true for successful suppressors of X drive. With Hamilton's parameters and 564 a mutation rate of 10 -5 , the mean time was about six generations, but the time to 565 extinction was much longer. Figure 5B shows the time until a successful 566 suppressor arose with increasing strength of X drive. Patterns are broadly 567 similar for X and Y drive, but X drivers tend to allow for more time until successful 568 suppressors arise since the time to extinction is also longer. 569 570
Discussion 571
Although sex-ratio meiotic drive is widespread among sexual species 572 (Jaenike 2001) and the implications for extinction caused by drive have been 573 recognized for quite some time (Hamilton 1967) , few studies have examined the 574 consequences of drive on populations. In this paper, the link between sex-ratio 575 meiotic drive, its suppression, and extinction was modeled explicitly, and 576 simulations were employed to begin to explore the parameter space. We find 577 that population size has only a small influence on the time to extinction which 578 scales with the log of population size (Conclusion 1). For several reasons, Y-579 linked drivers, should they arise, are likely to drive populations to extinction. X-580 linked drivers, on the other hand, pose less of a risk of extinction. 581
Despite efforts to examine biologically reasonable parameter values, the 582 simulations showed that extinction was likely after sex chromosome drivers are 583
introduced. There are practical and biological reasons for this. First, simulations 584 that either take many generations for extinction or are likely to lead to a stable 585 equilibrium take much longer to run. There is considerable variation in life history 586 parameters associated with the several groups of organisms exhibiting drive. 587
Furthermore, even though Drosophila are capable of producing hundreds of 588 offspring throughout their lifetime, their actual fecundity in the wild is surely much 589 lower. Rosewell and Shorrocks and references therein (1987) estimated daily 590 survival in several Drosophila species ranging from 0.42 to 0.83. Assuming that 591 mortality is geometrically distributed, the mean survival of a given fly is the 592 reciprocal of its daily mortality. So, even if daily mortality is about 1/3 (in lines 593 with estimates for D. melanogaster), flies only survive three days on average. 594
Assuming daily fecundity is about 60 eggs and constant and that flies don't lay 595 eggs for the first two days (Novoseltsev et al. 2005) , the average lifetime 596 fecundity is about 50. Of course, the variance is huge, scaling with the square of 597 fecundity. Finally, Conclusion 2 suggests that one reason we might see drive 598 more often in species with high lifetime fecundity is that extinction is much more 599 likely with lower fecundity. Driving Y chromosomes appear to be much more rare than driving X 612 chromosomes (Jaenike 2001) . There are several possible reasons for this. First, 613 a degraded Y chromosome may lack sufficient starting genetic material for drive 614 to arise de novo. In fact, the only well-characterized case of Y drive is found in 615
Aedes aegypti in which the X and Y are homomorphic (Mori et al. 2004) . 616
Second, driving Y chromosomes are more likely to lead to population extinction. 617
As noted by Hamilton (Hamilton 1967 ), a driving Y is always in males, so unlike 618 the X chromosome which spends at least 2/3 of its time in females, the Y can 619 drive every generation. Because of this, with similar parameters, Y drivers lead 620 to extinction in less than half as many generations as X drivers. Similarly, if it is 621 assumed that the easiest way to suppress drive is to mutate at the responder 622 locus, an X-linked suppressor only finds itself in males one-third of the time 623
(though this will increase as the sex-ratio becomes skewed toward males), but a 624 Y-linked suppressor is found only in males. Perhaps most damning for 625 populations with Y drive is that when the driver is common and the sex-ratio is 626 skewed toward males, most males will go unmated, so even if a suppressor 627 arises in a male, it will very likely be lost because the male fails to secure any 628 matings (Conclusion 3 above). Even if an X-linked suppressor arises in a 629 female, to save the population, it must be passed to male offspring, and those 630 male offspring must be lucky enough to mate. The scenario is the opposite for X 631 drive. As the driver becomes common and the sex-ratio becomes skewed 632 toward females, males are limiting and therefore males with a suppressing Y are 633 likely to mate multiple times. We also don't expect to find Y drivers segregating at 634 29 intermediate frequencies since, unlike X drive, the fitness advantage for a driving 635 Y in males cannot be balanced by costs in females (Conclusion 4). Finally, 636 anisogamy may also contribute to the lack of empirical examples of Y drive since 637 populations are likely to be able to cope with a shortage of sperm more easily 638 than a shortage of eggs (Conclusion 5). 639
If suppressors are allowed to occur on autosomes some of the results 640 presented above may indeed be different. First, with both types of drive, the 641 number of autosomes is always larger than the number of opposite sex 642 chromosome so there are more mutational targets. On the other hand, mutation 643 rates to autosomal suppressors may be several orders of magnitude less than 644 those on the opposite sex chromosome, since evolving insensitivity at the 645 responder locus may be as simple as altering the number of tandem repeats at 646 that locus. An active suppressor on the autosome is presumably much harder to 647 evolve. Since both sexes have two copies of autosomal genes, the relative 648 proportion of the time an autosome finds itself in one sex is equal to the sex-ratio 649 at that time. Autosomal suppressors of Y drive will spend more time in males 650 (where they can actually suppress drive) than in females because as the driver 651 spreads, the sex-ratio becomes male-biased. The opposite is true for X drive -652 as the X driver spreads, the autosomes are more likely to be found in females 653 since the sex-ratio is female biased. 654
The models presented above incorporate a fitness cost of the driver in 655 males, but this is different from sperm competition models analyzed by Taylor 656 and Jaenike (2002; 2003) because fitness costs in their model were frequency 657 Tables   696   Table 1 . Definition of parameters used in drive models 697
Parameter
Typical range Definition 
